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The triviality and vacuum stability bounds on the Higgs-boson mass are revisited in the presence 
of new interactions parameterized in a model-independent way by an effective lagrangian. When 
the scale of new physics A is below 50 TeV the triviality bound is unchanged but the stability lower 
bound is increased by 40 -r- 60 GeV. Should the Higgs-boson mass be close to its current lower 
experimental limit, this leads to the possibility of new physics at the scale of a few TeV, even for 
modest values of the effective lagrangian parameters. 
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a. Introduction In spite of a huge experimental ef- 
fort, the Higgs particle, the last missing ingredient of 
the Standard Model (SM) of electroweak interactions 
has not been discovered yet. For a Higgs-boson mass 
ruh 115 GeV the most promising production channel 
at LEP2 has been e+e^ Zh that provides the limit 0] 
ruh > 113.2 GeV for the SM Higgs-boson. The Higgs 
particle also contributes radiatively to several well mea- 
sured quantities and this can be used to derive the upper 



bound 



rrih . 



212 GeV at 95 % C.L.. Both these hmits 



are, however, highly model-dependent. 

There also exist theoretical constraints on m/j based on 
the so-called triviality and vacuum stability arguments. 
As it is well know |^ the renormalized cj)^ theory cannot 
contain an interaction term (A0^) for any non-zero scalar 
mass: the theory must be trivial. Within a perturbative 
approach this statement corresponds to the fact that the 
running coupling constant A(k) necessarily diverges at 
a finite value of the renormalization scale k (the Lan- 
dau pole). Consequently, only a non- interacting theory 
is consistent at all energy scales. An analogous effect oc- 
curs in the scalar sector of the SM (modified to some ex- 
tend by the presence of gauge and Yukawa interactions). 
This, however, does not necessary imply a trivial scalar 
sector since there is no reason to believe the SM to be 
valid at arbitrarily high energy scales. 

Assuming the SM is an effective theory applicable only 
below an energy scale A, the Landau pole should oc- 
cur at scale A or above, and this condition gives a (A- 
dependent) upper bound on nih jj]. On the other hand. 



for sufficiently small rrih radiative corrections can desta- 
bilize the ground state. Then the requirement that the 
SM vacuum is stable for scales below A provides a lower 
bound on rrih 

The triviality and vacuum stability bounds on mh are 
usually derived assuming SM interactions. However, if 
the scale of new physics is sufficiently low (^ a few TeV) 
one could expect non-standard interactions to generate 
important modifications of these constraints. The prob- 
lem deserves special attention given the possibility that 
the Higgs-boson was observed at LEP2 |^ with a mass 
ruh ~ 115 GeV; in this case the SM constraint from vac- 
uum stabihty requires A < O(IOO) TeV (the precise 
number depends on the top quark mass), allowing for 
the attractive possibility that A is actually much lower, 
even at the level of a few TeV. 

In this letter we determine the manner in which heavy 
physics with scales in the 10 TeV region modify the the- 
oretical constraints on the Higgs-boson mass. We follow 
a model-independent approach parameterizing the heavy 
physics effects by an effective Lagrangian satisfying the 
SM gauge symmetries. Then, using standard procedures, 
we derive the stability and triviality bounds on rrih as a 
function of the heavy physics scale A. Since LHC, the 
future proton-proton collider, is expected to be sensitive 
to scales A of the order of a few TeV, the results will be 
presented for scales between 0.5 and 50 TeV. 

b. Non-Standard Interactions Our study of the sta- 
bility and triviality constraints on the Higgs-boson mass 
will be based on the SM Lagrangian modified by the ad- 
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dition of a series of gauge-invariant effective operators 
Oi whose coefficients parameterize tlie low-energy ef- 
fects of the heavy physics js) . Assuming that these non- 
standard effects decouple implies |9) that these operators 
appear multiplied by appropriate inverse powers of A. 
The leading effects are then generated by operators of 
mass-dimension 6^. Given our emphasis on Higgs-boson 
physics the effects of all fermions excepting the top-quark 
can be ignored |^. We then have 



+/ (#i 



h.c 



) + \D(I)\- + iq pq + it pt 



where <j) {(j) = — iT20*), q and t are the scalar doublet, 
third generation left-handed quark doublet and the right- 
handed top singlet, respectively. D denotes the covariant 
derivative, F^^^ and B^^^ the SU{2), U{1) field strengths 
whose couplings we denote by g and g' . 

When the heavy interactions are weakly coupled the 
leading effects at low energy are determined by those 
ai generated at tree level by the heavy physics (loop- 
generated coefficients are suppressed by coupling con- 
stants and numerical factors ~ f/(47r)^ 0])- Because 
of this we will consider only those operators that can 
be generated at tree-level by the heavy physics. There 
are 81 dimension-six operators (for one family) ||lo[] , but 
only 16 can be generated at tree- level and involve only 
the fields in (0). Of these 5 contribute directly to the ef- 
fective potential, the remaining 11 affect the results only 
through their RG mixing and, being suppressed by a fac- 
tor ^ l/(Gi?A^), will play a sub-dominant role. We will 
include only one of these operators to illustrate these ef- 
fects. 

In the calculations below we will include the set 



of = yD<l>\'Ot^ = |</)|2(#t + h.c.) O^S> = i \qt\' 



(2) 



where the first 5 operators contribute directly to the ef- 
fective potential, while O^J'' is included to estimate the 
effects of RG mixing. Note that only contributes at 
the tree level to the scalar potential: 



w*-^) = -^A2|0p+Ai0|4-^i0r 



(3) 



where 77 = Aw^/A^ 



* Dimension 5 operators violate lepton number jl^ and are 
associated with new physics at very large scales, so we can 
safely ignore their effects. 

^We assume that chirality- violating effective interactions are 
natural iQ, being suppressed by the corresponding Yukawa 
couplings. 



c. Triviality Bound In order to study the high en- 
ergy behavior of the scalar potential we derive the RG 
running equations for A, rj and the a^. This running is 
also influenced by the gauge and Yukawa interactions, so 
the full RG evolution requires the (3 function for all these 
couplings. Using dimensional regularization in the MS 



scheme, and defining a = ag^ + 2a 



(1) 



ai'^^ we find: 



It 



drj 
dt 



^ 12A^ - 3/^ + 6\f - (3A/2) {3g^ + g'^) 
+ {3/16) (.g'4 + 25V' + 3.g^) 
-2rj 2a^ + X (Saa^ + Aa + af^'j 

= 3v [2X + f-{3g^+g'') /A]-2Tj'a 
= 9/V4 - (//2) (8.g2 + 9gV4 + 17.g'Vl2) 

= 9a0 (6A + f) + 12\\9ao4. + ^ + Sajf^) 
+36at^f~i9/A)i3g^ + g'^)a^ 
-(9/8) 



24^\9^ 



ai'^]{g' + g''^' 



dt 



da 



(1) 



dt 



= 2A (dag^ - 3al^^ +a^ +6f {fag^ ~ at^) 
= 2A (a + 3af ) + 6/ (^faf - a*^) 



da 



dt 



da 



t(j> 



dt 



- -3f{f + X)a[\^ + (15/2/4 - 12A)at^ 



dt 



(3/2)a«/2 



(4) 



where we neglected terms quadratic in the Ui, and t = 
log{K/mz)/{8Tr'^), k being the renormalization scale. The 
evolution of the gauge couplings g, g' and gs (for the 
strong interactions) are unaffected by the ai. 

In order to solve the equations (^ we have to spec- 
ify appropriate boundary conditions. For the SM pa- 
rameters these are determined by requiring that the cor- 
rect physical parameters are obtained at the electroweak 
scale. The values of A, / and ry at t = are fixed us- 
ing the physical Higgs-boson mass 0, the top mass and 
the scalar field vacuum expectation value. Since the ex- 
perimental errors in the top-quark mass are larger than 
the expected deviations from the tree-level expression we 
use rrit = fo//\/2 — fx 17 A GeV for simplicity. We 
also require that the solutions to (^ reproduce the cor- 
rect electroweak vacuum where the scalar field has the 
expectation value {if) ~ wq/v^^- The relation between 



We ignored a small correction to the W mass oc a"^^ (uo/A) 
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the SM tree-level vacuum v and the physical electroweak 
vacuum vq is 



SM 



(5) 



¥'=Uo/\/2 



where Vg^"''^ denotes the tree-level SM potential, VcS 
the effective potential calculated up to 1-loop including 
all effective operator contributions, and A(0) the running 
coupling constant evaluated at i = 0. Finally we re- 
quire that the gauge coupling constants satisfy g{0) — 
0.648, g'{0) = 0.356, ^^(O) = 1.218. 

The boundary conditions for the ai are naturally spec- 
ified at the scale k = A. For the weakly-coupled heavy 
interactions considered here it is natural to assume that 
aiU=A ~ 10 (the triviality bounds are insensitive 
to the precise value). In Fig. ^ (b),(c) we have plot- 
ted two examples of the solutions to (Q) using the above 
boundary conditions. 

The triviality bound on rrih will be obtained by requir- 
ing A and to remain below specified values (as opposed 
from requiring an actual divergence) 



A(t) < A„ 



\at(t)\ < Q!n 



(6) 



for all scales below A. We will present results for a,nax — 
1.5 and A,„ax = and 7r/2 (this result is insensitive to 
the choice of amax)- The bound obtained by saturating 
either of the above inequalities is plotted in Fig. ^ (a). 
We note that the results are almost identical to the ones 
obtained for the SM g. 

In order to understand qualitatively the absence of sig- 
nificant corrections to the triviality bound, it is useful to 
switch off all ai except a^. Then, since d\n.{a^) / dt > 0||, 
ja^l will decrease when evolving from the scale A down- 
wards, reaching values 10~^ 10~^ at k = mz (for 
|a0(A)| ~ 1). In addition, note also that the effects of 
on the evolution of the SM parameters are suppressed 
by a factor of rj. Hence the effects of on the RG evo- 
lution of A are screened, leaving the SM triviality bound 
essentially unaffected. 

d. Vacuum Stability Bound In order to investigate 
the vacuum structure of the effective theory we will first 
calculate the effective potential: 



Kff(<p) 



-^lr(")(o)^" 



(7) 



where r^")(0) are n-point IPI vertices at zero external 
momenta and if is the classical scalar field. Using the 
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FIG. 1. (a) Triviality bound on the Higgs-boson mass ob- 
tained from m). (b) Ttie stability bound on obtained from 
^ when a^{A) < 0, rut — 175 GeV. The stars correspond 
to the solutions (1) and (2) of Fig. 



Landau gaugeQ we find: 

(^) = + ^ E c.i?.'[ln(i?./«') - (8) 



i=0 



where co = —4, ci = 1, C2a = 3, 03 = 6, C5 — —12, 
1^0,1,2,5 = 3/2, ;/3^4 = 5/6, i?o = JyA^ and 



i?i = - v') [1 - (2aa^ + «W + <')|(^|VA^ 

R, ^ A(2|^p - v^) [1 - (a« + af^/SMVA^' 

i?3 = (.9V2)|^P (l + l^paW/A^) 

i?4 - [{9' + g")/2m' (1 + m'ia^;^ + af^)/A') 

R5 = mmf + 2atMV^'), 



which modifies the relationship between Gf and vo at the 
10% level; changing the bounds on by 6%. 

^ Here we consider heavy Higgs bosons, therefore A remains 
positive in the whole integration region. 



**The loop contributions to VeS are gauge dependent | |l3[ , 
yet since the RG-improved tree-level efi'ective potential is 
gauge-invariant, the stability bound depends weakly on the 
gauge parameter leading to an uncertainty Amu ^ .5 GeV M. 
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It is understood that the above expression is accurate up 
to corrections of order 1/A^. 

The form of the effective potential is precisely the same 
as the one in the pure SM, the whole effect of the ef- 
fective operators can be absorbed in a re-definition of 
the Ri. We also include the scale dependence of (p: 

Cp{t) ^ cxp|-/p7rfi'}<^(i = 0), where 7 = - 
3(3g^ + g''^)/S — 'qa/2 (the couplings appearing in 7 are 
understood to be the solutions to (^)). In the follow- 
ing we will consider the RG improved effective potential 
T4ff((^(i)) defined using (||) and (p{t). 

We note that Vcs{'p{t)) is scale invariant, that is, 
K dVcff{'f{t))/dK = (to one loop and ignoring terms 
quadratic in the ai). In verifying this relation the con- 
stant term in (|^) must be chosen appropriately, our choice 
is determined by the requirement Ves{f> = 0) = 0, which 
is consistent with (0); for details see Ref. [isl . 

When using the above expressions to derive the stabil- 
ity bound on nih we will need to consider values of (p sub- 
stantially larger then the electroweak scale vq. Therefore 
we shall choose a renormalization scale k ~ in order to 
moderate the logarithms that appear in Vcs- 

Fig. H illustrates the behaviour of the effective poten- 
tial renormalized at the scale k = (p. To show the rele- 
vance of RG running of effective-potential parameters we 
also plot the evolution of A and for two sets of initial 
conditions corresponding to the (rn^jA) values marked 
in Fig. |l| by stars. As it is seen from the figure effects of 
the running are substantial, e.g. for the set (2) A changes 
by almost 100% while by more than 200% and under- 
goes a sign change. This emphasises the fact that the 
RG running of the coefRcients ai must be included when 
studying the vacuum stability of the system^ 

The initial conditions for the running couplings guar- 
antee that the electroweak vacuum is at {(p) — vqI\P1. 
However if V^s at some large value of the field (^high is 
smaller than T4ff (((p)) this vacuum becomes unstable (as 
there would be a possibility of tunncUin^^ towards the 
region of lower energy). This will occur when the Higgs- 
boson mass is sufficiently small (corresponding to a small 
value of A(0)), and provides a lower bound on m?i. In 
this case (phigh defines a scale at which the theory breaks 
down, so that (^high ~ A. In actual calculations we took 
<^high — 0.75A since (|l|) is valid for scales below A, hence 
the stability bound on vtih is determined by the condition 



^^Some corrections to the SM vacuum stability bound due 
to were discussed in However, the authors did not 

consider one-loop contributions to the effective potential gen- 
erated by O^, nor the RG running of a^. 

"'"''The question of the tunnelling rate will not be discussed 
in this latter, we shall assume that tunnelling is possible with 
the transition time smaller than the age of the universe. 
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FIG. 2. The effective potential renormalized at the scale 
K = 4> (a): (we have plotted sgn(Kff) log]^Q[(Veff/l TeV*') + 1] 
in order to make visible the shallow minimum at (p = vo/^/2). 
The running of X (b) and (c) when Qi(A) = — 1, 
rat = 175 GeV, for A = 5.1 TeV, mu = 140.4 GeV (curves 
(1)) andA = 48.9 TeV, tuh = 148.7 GeV (curves (2)). 

Kff(<^ = 0.75A)U^o.75A = V,s{v = «o/%/2)L^„„/y2 (9) 

where, as mentioned previously, we have chosen the 
renormalization scale k to tame the effects of the log- 
arithmic contributions to Vcs{(p). The resulting bound 
on vih as a function of A for various choices of ai(A) is 
plotted in Fig. (b). 

In obtaining the stability bounds of Fig. |] (b) we as- 
sumed all couplings ai had the same magnitude at the 
high scale A, and < (the results are insensitive to 
the sign of the other ai). For other values of ai we found 
that when A > 300 GeV there is a curve in the — 
plane below which either <^ = 174 GeV is not a minimum 
or, if it is, then there is another deeper minimum at a 
scale 174 GeV < <p < A; we can roughly say that this 
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unphysical scenario can be avoided if ;S — 0.1 |^. 

There is an important remark here in order. The SM 
vacuum stabihty bound together with the experimental 
hmit rrih > 113.2 GeV imphes A < O(IOO) TeV. Assum- 
ing now that the hmit on m/i remains unchanged in pres- 
ence of effective operators (l^Jl^ , then, as seen from Fig. 
|l| (b), even for the modest values \ai\ = 0.25, 0.50, 0.60 
the upper bound on A is significantly reduced to A ~ 
20, 4 1 TeV, respectively! 

e. Summary and Conclusions We have considered 
the triviality and stability restrictions on ruh when the 
SM is the low-energy limit of a weakly-coupled decou- 
pling theory of typical scale A. It was assumed that 
there is a significant gap between A and the typical ex- 
perimental energies so that the heavy interactions can 
be accurately described by a set of effective vertices. We 
showed that for the scale of new physics in the region 
0.5 TcV < A < 50 TcV the SM triviahty (upper) bound 
remains unmodified. In contrast stability (lower) bound 
could be increased by 40 — 60 GeV reducing substantially 
the allowed region of m/i values. If nih is close to its cur- 
rent experimental limit, then the maximum allowed value 
of A would be decreased dramatically even for modest 
values of coefficients of effective operators, implying new 
physics already at the scale of a few TeV. 
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